In the size range from lO-4 to 10' pg (carbon) body weight, the biomass of plankton in the euphotic layer of the North Pacific Central Gyre decreases as an allometric function of body weight. Even in a steady state ecosystem such as that analyzed here, there is variability in space and time; this suggests that one must be careful in extrapolating the relation to less predictable marine areas. In obtaining dynamic information from biomass spectra, one must distinguish changes due to the flow of energy within the spectrum (growth, predation, reproduction) from changes due to emigration from or immigration into the spectrum of the particular area sampled, such as those due to the diel vertical migration of macrozooplankton in the largest size classes.
As a basis for a "particle-size" approach to the description of pelagic ecosystems, it is important to establish whether there is a simple relation between the biomass (material per unit environmental volume or area) of organisms in any size category and the individual body size of those organisms. Although this approach has been applied mainly in aquatic ecology (in part because of the tendency for pelagic predators to swallow their prey whole but to be otherwise rather nonselective), Platt (1985) traced its origin to Elton (1927) and analyzed the reasons for the long hiatus until the 197Os, when this dormant approach began to develop with Odum's (197 1, fig. 3 .6) comparison between aquatic and terrestrial size distributions of biomass.
The accumulated empirical evidence obtained from marine and freshwater ecosystems has differed greatly in both amount and quality. Sheldon et al. (1972) carried out an extensive oceanic survey which, when combined with data from the literature, revealed an apparently general feature of the pelagic ecosystem, namely, "The tendency for roughly similar amounts of particulate material to occur in logarithmically equal 1 Research was supported by CAICYT Project No. 1185181 and by a Fulbright grant to J.R., Department of Energy grant DE-AT03-82-ER60031 and various NSF and ERDA grants under which samples were collected.
2 Present address: Department0 de Ecologia, Facultad de Ciencias, Universidad de Malaga, Spain. size ranges . . ." (Sheldon et al. 1972, p. 336) . The data presented by them ( fig. 12 ) suggest a slight decrease in biomass with increasing individual size, but the basic data almost certainly included detrital as well as living particles in the l-100~pm range, and they hypothesized that the spectrum for living organisms was flat (0 slope). The underlying idea was extensively used as the basis for three types of study: the theoretical analysis of ecosystem structure (Kerr 1974) ; the estimation of standing stocks of fishes in the Gulf of Maine, the North Sea, and the Peruvian upwelling (Sheldon et al. 1977) ; and as the marine point of reference for much more solid empirical analyses of freshwater ecosystems (Sprules et al. 1983) .
However, theoretical modeling of particle-size spectra has reached a high level of sophistication in biological oceanography. In contrast to Kerr (1974) , whose analysis considered the energy flows between discrete trophic levels, Denman (1977, 1978) based their modeling process on a continuous flow completely independent of the trophic level concept; at the same time, they discarded the mode of data presentation of Sheldon et al. (1972) . Platt and Denman approached the problem by analyzing the flow of energy or material through the pelagic ecosystem from the smallest particles to those of larger sizes; the turnover of material within each size class was assumed to be controlled by the reproductive and respiratory rates of organisms with the nominal weight which typified that size class. Thus, the clear dependence of these physiological rates of living organisms on size, expressed by the allometric equations (e.g. Fenchel 1974 ) forms the basis for Platt and Denman's spectrum, which predicts that the biomass of living organisms (log-scale) should decrease linearly with increasing individual body weight (log-scale) with a slope of -0.22. The model was subsequently complicated by the introduction of timedependent equations (Silvert and Platt 1978) , and it was generalized to the von Foerster master equation of trophic dynamics (Silvert and Platt 1980; Platt 1985) . In this context, further analysis of the size distribution of biomass in a steady state, subtropical pelagic ecosystem would facilitate the testing of this general theory about the structure of pelagic marine ecosystems; the improvement of basic data to test the empirical model presented by Sheldon et al. (1972) , which is presently unique for the oceans; and the possibility of an alternative point of reference to compare the empirical, freshwater models described by Sprules et al. (1983) .
Here we present such an analysis for living, planktonic biomass in the size range between 1O-4 and 1 O3 pg (carbon) body weight, in the euphotic zone of the central gyre of the North Pacific Ocean, a very large body of water close to the steady state qualification (Eppley et al. 1973; McGowan and Hayward 1978) . Results indicate a rather precise, regular decrease of biomass with logarithmic increase of body weight; superimposed on this regularity, diel, seasonal, and vertical variability of the spectrum occurs even in such a steady state ecosystem.
J. Beers kindly provided data about microplankton. Discussions with G. Jackson, J. Hirota and J. Beers, and comments from T. Platt, T. Fenchel, R. W. Sheldon, and W. G. Sprules were very helpful.
Materials and methods
The samples come from the vicinity of 28"N, 155"W, which may be considered as the core of the large anticyclonic gyre in the North Pacific Ocean. Several cruises were carried out between 1972 and 1974 at different seasons (Table 1) . We selected the material corresponding to the euphotic zone, the depth of which is very constant in the gyre (see Eppley et al. 1977; Hayward et al. 1983 ).
Here we deal with two main components of the planktonic community. "Microplankton" caught in water bottles comprises all preservable, living components of the seston in the approximate size range from 10 pm to the maximum that would normally pass a 200-pm mesh net (see Beers et al. 1975 Beers et al. , 1982 ; it includes both phytoplankton and the heterotrophic organisms such as small protozoa and juvenile stages of copepods; some modifications of the original size range given by Beers et al. (1982) are noted below. Sampling and shipboard processing for microplankton are described by Beers et al. (197 5) . "Macrozooplankton" comprises the living material caught by a net of 183-pm mesh and with an upper limit about 8 mm; it includes organisms from juvenile stages of copepods to large organisms such as euphausiids, amphipods, and small fish larvae. Bongo (183-pm mesh) nets were hauled horizontally at several depths ( Table 1) ; nets closed automatically when a predetermined volume of water had been filtered.
For the estimation of zooplanktonic biomass we used an integrated sample from the several depths sampled. Four aliquants from each integrated sample were fractionated through a filter column with 183-, 300-, 500-, l,OOO-, 2,000-, and 4,000~pm mesh filters; organisms larger than about 8 mm were removed manually because of their inaccurate sampling and subsampling. Each fraction was processed (see Rodriguez and Mullin 1986 ) to obtain dry weight and ashfree dry weight, an estimation of the organic biomass usable in the pelagic food web; fig. 1 in Rodriguez and Mullin (1986) shows the constancy of the ash component. We used a linear equation (Wiebe et al. 1975 ) in converting dry weight to carbon units. In addition to this, for three cruises we counted the total organisms in each size fraction; the nominal, individual body weights were obtained by dividing the biomass in each fraction by the number of organisms in that fraction. From the regression log wt (pg C) = 2.23 log length (pm) -5.58
(r2 = 0.98)
we were able to change our length scale (actually, the geometric mean of the mesh size retaining the organism and the next largest mesh size) to one of weight as carbon. For microplankton, a different method was used. Beers et al. (1975 Beers et al. ( , 1982 identified, measured, and counted the organisms in their samples. After equating them to standard geometric configurations, they used nonlinear equations (Strathmann 1967 ) to obtain individual carbon content of phytoplankton, and a linear conversion for microzooplankton; from the total number of individuals, Beers et al. estimated the carbon biomass for each size class. Rather than their ESD classes, we use here corresponding weights (carbon) in order to obtain a common spectrum with our macrozooplankton data. Thus, for microzooplankton we have biomass estimations for 13 weight classes ranging from 1 Oe4 to 10-l ,ug (carbon) body weight; for the macrozooplankton we have 6 weight classes in the range from 1 to lo3 pg (carbon) body weight.
Given the different amplitude of the weight classes (Aw = 0.0001 pg for the smallest sizes and 1,000 pg for the largest ones) we normalized the spectra according to the expression B(w) = b(w)lAw where b(w) is the biomass (pg C liter-l) in the class (w, w + Aw). These normalized spectra may be integrated over the range analyzed, and the area under the equation model is equal to the total biomass. An unnormalized spectrum of biomass may be Table 2 . Values of Bartlett's regression parameters (*95% C.L.) and coefficients of determination for the model log (normalized biomass) = a + b log (wt). All data 434 -0.96kO. VV~IGHT ( pg C individual -I ) IO0 Fig. 2 . Vertical variability of normalized spectra of microplankton based on samples from the discrete depths indicated, which were combined for analysis. Regression equations are in Table 3. obtained through the same expression for any chosen scale of weights, for example the log, scale where the Aw values are equal to the nominal individual weights.
For the statistical fitting of our data, we have made some modifications of the original (Beers et al. 1975 (Beers et al. , 1982 size classes: we did not consider data corresponding to the classes 2-4-, 4-7-, and 7-lo-pm ESD because Strathmann's equations for these smallest sizes (Beers pers. comm.) result in an excessive carbon content in them; and we eliminated their largest class (> 232 pm) because of its open-ended character.
Because of the error in estimating the independent variable, individual weight, we used a model 2 regression (Bartlett's method: Sokal and Rohlf 198 1) together with estimation of the product-moment correlation coefficient, rather than a conventional least-squares (model 1) regression. The differences between the values of regression parameters of the two methods were negligible; the most important difference is that there is no conventional test of significance in model 2 regression, but the 95% C.L. indicates the quality of data fitting.
Results
The normalized spectrum- Figure 1 shows the distribution of normalized biomass along a weight scale of seven orders of magnitude. The plot is constructed with all the data obtained regardless of season or depth; the only constraints, not to be forgotten, are that all the data come from the euphotic zone and that they correspond to detritus-free, planktonic biomass. They are fit very well in log/log plot by a straight line whose parameter values appear in Table 2 ; the 95% C.L. reflects the goodness of fit. We leave the implications of such a spectrum for later discussion; now we test some of the components of variability existing within the spectrum.
Methodological variability-Methods of estimating biomass were different for microplankton and macrozooplankton, so we expected this could affect the respective spectrum shapes. However, when we normalize the data such an effect is negligible (see regression parameters in Table 2 ); there is a remarkable continuity between the two distributions and this makes it possible to obtain the general spectrum of Fig. 1 .
Vertical variability-
We analyzed vertical variability within the euphotic zone using microplankton data for the levels 0 + 20, 40 + 60 + 80, and 100 + 120 m (see methods; Beers et al. 1982) . In Fig. 2 we have combined all the data corresponding to each level for the five cruises; values of regression parameters are in Table 3 .
Total biomass is similar at each depth but the slope decreases with depth. This is a feature independent of season (Table 3) ; the median slope at surface level is significantly steeper than that at intermediate level and the same occurs between this level and the deepest one (Mann-Whitney U-test, P < 0.05). This indicates an increase in the relative importance of larger organisms from the surface to the bottom of the euphotic zone, at least for the size range of microplankton.
Temporal variability-For a given level, the slopes of spectra are fairly constant among cruises; variability is slightly higher at the deepest level (Table 3 ). The only apparent seasonal-annual variation is in the total biomass (Fig. 3) ; the spectrum corresponding to summer data is higher than the winter one, so the integration results in a greater biomass in summer. The increase in biomass during summer has been reported for both microplankton and macrozooplankton (Beers et al. 1982; Rodriguez and Mullin 1986 ); here we present the spectral version of the variability for the whole size range of plankton.
The effect of the vertical migration of zooplankton on the size distribution of macrozooplanktonic biomass was also shown in our previous report. The seasonal component in the size-differential vertical migration (Rodriguez and Mullin 1986 ) has its spectral parallel (Fig. 4) in the similarity of diurnal and nocturnal slopes in winter vs. the significant change of the summer spectra.
The unnormalized spectrum -Having shown some of the sources of variability we return to the general spectrum of Fig. 1 . It can be unnormalized by means of the expression b(w) = B(w) x Aw and by defining a scale for Aw such that Aw = w for logarithmically increasing weight categories.
In log/log plot ( 
Discussion
During the last 10 years, the analysis of particle size spectra has been used as an alternative to the taxonomic and trophic analyses of pelagic ecosystems. One of the main problems is the difficulty in separating living and detrital particles; estimates of size diversity in particulate organic carbon (e.g. Mullin 1965 ) formerly posed the problem of the uncertain role of detritus in the various size categories and in the nutrition of zooplankton. Electronic devices such as the Coulter Counter are much faster and more precise (Sheldon and Parsons 1967; Parsons and Seki 1969 ) but still do not distinguish between living and detrital particles. Moreover, they are limited usually (but see Boyd 1973 ) to a size range far below the total range of living particles in the ocean; extension of the sampling range by active acoustic sensors is, however, quite feasible.
The identification, measurement, and counting of organisms in the size range between 1 and 200 pm is, although time-consuming, the only actual way of estimating planktonic biomass without interference of detrital particles (see Beers et al. 197 5, 1982) . On the other hand, material collected by filter-fractionation techniques in the size range from 200 to about 8,000 pm (Rodriguez and Mullin 1986) did not usually contain much detrital or nonanimal material in oligotrophic oceanic water, nor were the largest size categories dominated by types of organisms expected to have an unusual carbon-to-volume ratio, such as medusae or ctenophores.
The results presented here indicate a rather precise, regular relation between biomass and body size: biomass, in terms of carbon per volume of water, decreases roughly as the negative one-sixth power of body weight as carbon. Our methods practically eliminate detrital interference, and expression in carbon units gives a real trophic meaning to the relation; the constraint is that it refers to the euphotic zone of a stable, oligotrophic oceanic system; coastal, upwelling, temperate, polar, or abyssal regions are different cases and need to be studied by similar methods.
Our result differs, though only in detail, from that predicted by the models of Platt and Denman ( 19 7 7, 19 7 8) . They predict the slope of the unnormalized spectrum to be -0.22, their model, as already noted, being based on metabolic constants estimated by Fenchel (1974) , such as the weight dependence of turnover rate, or estimated by Platt and Denman from Fenchel's paper (see Platt and Denman 1978) . More recent reviews of published data (Banse 19 82; Fenchel 19 8 3) show considerable variability in the parameters of the physiological allometric cquations. Caveats raised by Banse (1982) in relation to several methodological sources of variability are especially important. He concluded that the respiratory 3/4-power dependence may not hold among invertebrates for all temperatures and that the generality of one weight dependence of the intrinsic growth rate is now less certain than it appeared a few years ago. Fenchel ( 198 3) stressed that the maximum growth rate constants of many individual species, or entire taxonomic groups, may deviate from the allometric equation and that these deviations could be adaptive; moreover, growth rates in natural populations are very unlikely to be constant over time, but rather fluctuate between zero and some maximum rate characteristic for the species in question.
With these caveats in mind, the close fit between Platt and Denman's theoretical model and our empirical model based on field data is more surprising than is the difference. The range of variation for the slope in our spectrum includes the theoretical value predicted by their model. The important aspect is that the spectrum may be represented as a simple power function of body weight; this is the only basis for the thermodynamic considerations presented by Platt et al. (1984) . This functional simplicity of the planktonic biomass spectrum in a relatively stable ecosystem -a simplicity emphasized by Sheldon et al. (1972 Sheldon et al. ( , 1973 is confirmed by our data; the exact value of the parameter is of secondary interest.
However, our results extend considerably other empirical observations for oceanic systems and invalidate the spectrum flatness, or lack of structure, proposed by Sheldon et al. (1972) . The difference between our double log plot with a slope of -0.16 (the logarithmic transformation of the power equation) based on carbon biomass and Sheldon's plot with near-zero slope based on particle volume (Sheldon et al. 1972: fig. 12 , for estimated living biomass) is important since volume-measuring instruments will probably continue to be used to generate biomass spectra. We have already noted, as did Beers et al. (197 5) , that a spectrum of sizes of living organisms and one of total seston may differ due to the inclusion of detrital particles in the latter. Another issue is whether carbon : volume (or C : wet wt) or C : dry wt ratios change systematically with individual size so as to cause differences in spectra measured in different units (R. W. Sheldon pers. comm.). Strathmann's (1967) equations, used by Beers et al. (1975 Beers et al. ( , 1982 , show that the carbon content of phytoplankton increases as cell volume to a power between 0.7 and 0.9, and Wiebe et al. (1975) found that the carbon content of zooplankton samples (not individuals) increases as sample volume to a power 0.9-0.93. Qualitatively, these results are such as to make a spectrum with a negative slope when measured as carbon flat (0 slope) when measured as volume; in fact, the same organisms would give a carbon biomass spectrum with -0.16 slope and a volume biomass spectrum of 0 slope if body carbon was proportional to the 0.86 power of volume across the entire spectrum.
If this were to explain entirely the difference between our spectrum and that of Sheldon et al. (1972) , however, the carbon : volume ratio would have to decrease by an order of magnitude across the 7 orders of magnitude in individual size that we in-eluded. This is highly unlikely in view of the dominance of crustaceans in our samples of macroplankton. Further, as Wiebe et al. (1975) noted, much of the decrease in carbon : volume ratio with increasing volume of macrozooplanktonic samples is due to a changing proportion of interstitial water in the samples, not to increasing "wateriness" of the organisms themselves. If we take into account the two different methods we used in determining our spectrum, the almost perfect coupling between the two halves of the spectrum (Fig. 1, Table 1 ) is quite encouraging; the equation derived from the microplankton data alone predicts the normalized biomass of 0.1 -pg C organisms to be 1.2 per volume, while that derived from macrozooplankton predicts 1.4 per volume for the same category. This coupling suggests that the decrease of biomass depicted in the unnormalized spectrum in Fig. 5 is not an artifact of the units chosen but a real trend, though probably incorporating some variation in carbon-to-volume ratio. Sprules et al. (1983) obtained a large amount of data in small freshwater lakes by methods that ensured the elimination of detrital interference. Their data were plotted similarly to those of Sheldon et al. (1972) and their spectra show clear, highly variable shapes, very different from the generalized flat spectrum. Sprules et al. (1983) reported that the bimodal distribution of average particle size for 26 lakes is similar to some unpublished spectra for plankton in a temperate ocean surface sample and to inshore marine areas. They also suggested that lakes and oceans are similar in terms of the biomass ratios of adjacent trophic levels, a suggestion based on the ratio of phytoplanktonic to zooplanktonic biomasses (median value = 1.6; range = 0.04-597.0,70% of the values between 0.3 and 3.5) found in lakes. This is only slightly higher than the value theoretically deduced to occur between adjacent trophic levels (1.2: Kerr 1974) or that proposed by Sheldon et al. (1972: ratio = 1.0) . Sprules (pers. comm.) deduces from our spectrum that prey biomass is roughly 3-4 times the biomass of its predator, a value consistent with Platt and Denman's (1978) calculations, but contrasting rather markedly with those of Kerr (1974) , Sheldon et al. (1972) , and Sprules et al. (1983) .
Though the ratio of phytoplankton to zooplankton has some comparative value, we do not consider it a useful index in judging the validity of any empirical or theoretical biomass spectrum for the open ocean. We deliberately eliminated any consideration of the concept of "trophic level"; several investigators have criticized its validity (e.g. Rigler 1975; Cousins 1980 ) and the pelagic ecosystem of the open ocean is much more an unstructured food web, with ontogenetic role reversals between predatory and prey animals, than it is a linear food chain (Isaacs 1973 (Isaacs , 1976 Platt 1985) .
We agree with Sprules et al. (1983) that several key elements of the particle-size approach require refinement before further argument would be fruitful. Methodological variability extends from sampling and measurement of biomass to the presentation and statistical analysis of data. We must also emphasize spatial and temporal variability and the paucity of published data. The variability of spectral shape even in an oligotrophic, near-steady state ecosystem, such as shown in Figs. 2, 3 , and 4, suggests caution before extrapolating it to coastal, highly productive, or variable areas. Not even the North Pacific Central Gyre is free from perturbations that strongly affect the size distribution of biomass (Rodriguez and Mullin 1986) .
The biomass spectrum presented here is a structural representation of the planktonic community in the euphotic zone of the North Pacific Central Gyre. Dynamic information should be obtained by examining time series scaled by the turnover times of the organisms in the extremes of the spectrum (Ulanowicz 1981) . But care must be taken to distinguish between spectral changes due to the energy flow within the spectrum (growth, predation, reproduction, etc.) and those due to immigration to and emigration from the region for which the spectrum is constructed. The example we provide in Fig. 4 of the vertical migration of the zooplankton may be illustrative: with diel periodicity, the spectrum in the euphotic zone can be altered by the nocturnal immigration of the organisms in the largest size classes (Rodriguez and Mullin 1986) MULLIN, M. M. 1965 . Size fractionation of particuand probably also by the consequences of late organic carbon in the surface waters of the such an immigration, e.g. predation on e western Indian Ocean. Limnol. Oceanogr. 10: 459-smaller size classes, perhaps reverse vertical migration of some small species (Ohman et al. 1983) , and nocturnal release of eggs or young of large species near the surface (Mullin 1968).
462; addendum, 6 1 O-6 11. ODUM, H. T. 197 1. Environment, power and society.
Wiley.
